This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: a b s t r a c t Understanding surface structure of graphene is important for its integration into composite materials. Here, we have used synchrotron X-ray reflectivity (XRR) to study the structure of commercially available graphene samples (prepared via chemical vapor deposition, and marketed as graphene monolayers) on SiO 2 /Si at different temperatures. X-ray photoelectron spectroscopy, photoemission electron microscopy and atomic force microscopy (AFM) were employed to evaluate the composition and morphology of the graphene layer. Our results indicate that the samples we characterized consisted of 3e4 layers of graphene, which should thus be more accurately described as few layer graphene (FLG). Furthermore, a "contaminant" layer, comprising polymethylmethacrylate and graphene multilayers, was found present atop FLG. We also report tentative results on the effect of temperature on the graphene sample thickness. At 25 C, the FLG thickness from XRR measurements was 13.0 ± 1.0 Å, in agreement with that obtained from AFM (13.9 ± 0.7 Å). Upon heating to 60 C, the FLG thickness expanded to 13.8 Å, which further increased to 14.3 Å upon cooling to 25 C. We attribute this temperature dependent thickness to the outof-plane rippling of graphene as previously reported. These unprecedented results on the FLG surface structure are valuable to its potential bioanalytical applications.
Introduction
Graphene is a one-atom thick, flat, carbon monolayer with a hexagonal carbon aromatic structure. As one of the basic carbon allotropes, it can be transformed into other carbon materials, such as carbon nanotubes and fullerenes. Since the 1970s, studies on growing graphene monolayers on crystals have been carried out, and the first graphene was successfully exfoliated in 2004 by Novoselov and Geim [1] . The unique 2D electronic properties of graphene have since stimulated numerous studies aiming to develop its use in applications such as supercapacitors, batteries, interconnects, transistors, phonon detectors, and sensors etc. [2] . Concurrently, advances in the production and modification of graphene sheets have continued to stimulate interest in its potential application in biotechnology [3] . For instance, the surface charging of graphene due to ion adsorption has been exploited to monitor pH changes [4] and lipid membrane disruptions [5] .
One of the most promising methods for producing high quality graphene on an industrial scale is chemical vapor deposition (CVD), which involves depositing graphitic layers atop another crystalline substrate, such as SiC [6] , Ni [7] , and Cu [8] . A polymethylmethacrylate (PMMA) coating is deposited atop via spin coating, and then the graphene can be transferred onto a desired substrate (e.g. SiO 2 ) after the original substrate is removed by chemical etching [9e12] . Graphene prepared by the CVD method has been reported to exhibit an electronic spectrum that can be described by a 2D analogue of the Dirac equation, similar to that of free-standing graphene [3] . Among all the substrates, Cu attracted particular attention. As confirmed by Raman spectroscopy, graphene deposited on Cu by the CVD method could yield over 93% coverage (with the rest consisting of 2e3 layer graphene), thanks to its weak interaction with graphene which benefits 2D crystal growth, thereby generating monolayer graphene on the Cu surface [13] . However, it is known that one of the issues with the transferred CVD graphene is the residues of PMMA and etching agents [9e12] .
Previous studies have shown that the physical properties of graphene materials are determined by their structure, specifically the thickness and the defects or contaminants. For example, the thermal conductivity of graphene materials increases with the layer number, with monolayer, double-layer, and few layer graphene (FLG) (3e10 layers) showing different 2D electronic properties [14, 15] ; the transport properties in epitaxial graphene are influenced by its sp 2 aromatic lattice structure, which is in turn affected by its substrate and growth conditions [16, 17] ; and the presence of ripples and wrinkles on graphene is expected to have a negative effect on its electronic properties [13] . Thus, a precise determination of the thickness and morphology of graphene samples under different conditions is important.
Different techniques have been employed for the structural characterisation of graphene and its derivatives, as listed and compared in Table S1 in the Supporting Information (SI). For instance, graphene on silica was first revealed by optical microscopy, scanning electron microscopy (SEM), and atomic force microscopy (AFM) [1] . Non-destructive techniques such as electron microscopy (EM), Raman/Rayleigh scattering microscopy [10] , ellipsometry [11, 12] , and near edge X-ray absorption spectroscopy (NEXAS) [18, 19] have been used to study the graphene structure and/or its adsorbates. For the in-plane structural characterisation, scanning tunnelling microscopy (STM) and scanning tunnelling spectroscopy (STS) [8, 13, 16, 25] have been used to image the graphene lattice. X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) [6, 26, 27] assisted by low energy electron microscopy (LEEM) and photoemission electron microscopy (PEEM) measurements [17,25,28e30] have also been employed for the compositional, structural and morphological characterisation of graphene on conductive substrates. AFM [20] , total internal reflection fluorescence correlation spectroscopy (ITIR-FCS) [5] , and quartz crystal microbalance with dissipation monitoring (QCM-D) [20] have been used to study lipid adsorption on graphene and related systems. However, these techniques have a limited capacity to probe the out-of-plane structure of the adsorbed layer.
Another powerful technique is X-ray reflectivity (XRR), which is widely used for probing buried interfaces and thin film monolayers [21] , bilayers [22, 23] and multilayers [24] structures. XRR has been used to study the structure of graphene coated with other popular materials in electronic devices (e.g. HfO 2 [25] , Au [26] , and perylenetetracarboxylic dianhydride (PTCDA) [27] ), and exposed and buried interfacial structures of graphene grown on SiC [28, 29] , showing its potential to be used on the structural characterization of graphene.
In this study, commercially available graphene samples on Si/ SiO 2 widely used in the studies of graphene applications have been studied using synchrotron XRR. XPS, PEEM and AFM were also used to provide complementary information on the composition and morphology of the samples. Our findings are valuable to graphene research and applications, and also demonstrat the suitability of XRR as a sensitive method for characterising the graphene surface structure, paving the way for further investigations of biomolecular structures on graphene using XRR. 1 
Experimental methods

Materials
Graphene samples prepared by an established CVD method were purchased from Graphenea Inc. 2 Briefly, the preparation process involves chemical vapor deposition of methane on a copper (Cu) foil to produce a graphene (mono)layer. Then a PMMA coating is deposited atop via spin coating, before the copper foil is etched away. Finally, the graphene is transferred onto a 1 cm Â 1 cm Si wafer with a 300 nm SiO 2 top layer. Graphene produced is being marketed as "monolayer graphene", and is widely used in the studies to evaluate potential application of graphene monolayers in electronic devices.
Experiment methods
The AFM investigation was conducted in ambient conditions using a MultiMode VIII microscope with a NanoScope V controller, utilizing PeakForce feedback control (Bruker, CA, USA). The cantilever employed was SCANASYST_FLUIDþ with nominal spring constant and tip radius of 0.7 N m À1 and 2 nm respectively.
XPS and PEEM measurements of the graphene samples were performed at the Bristol NanoESCA facility. XPS measurements of the FLG were performed with an Argus spectrometer before and after annealing at 450 C at an ultra-high vacuum (UHV) base pressure of 4.0 Â 10 À11 mbar for 1 h. Core-level photoemission spectra were acquired at 45 w.r.t. the sample surface, using a monochromatic Al Ka (1486.7 eV) X-ray source with a pass energy of 20 eV at room temperature and an estimate total energy resolution of 600 meV. The relative composition of C, O, and Si can be calculated from their corresponding photoemission line intensities.
The PEEM was performed using a NanoESCA II, and the measurements were carried out at room temperature under the UHV condition with a pass energy of 50 eV, a lateral resolution of 150 nm, and an overall energy resolution of 140 meV. The energy calibration was confirmed by fitting a Fermi edge of a clean metallic substrate at the same measurement condition. A He I (21.2 eV) discharge lamp was used as excitation source, and the absolute work function measurement for a particular sample area was obtained from electronic counting of the emitted photoelectrons [30] . The work function values in the maps were obtained by fitting the 600 Â 600 camera pixels spectra with an "error function". The low excitation photon energy makes PEEM extremely surface sensitive (to 2e3 atomic surface layers), and the PEEM images were acquired after cleaning by annealing to show the surface morphology.
Synchrotron XRR measurements were performed at beamline BM28-XMaS, European Synchrotron Radiation Facility (ESRF), Grenoble, France. A custom designed sample cell was used in all XRR experiments, as shown schematically in Fig. 1 [23, 31] . The cell, originally designed to accommodate the "bending mica method" [21] , consists of a chamber to house the sample stage for both curved and flat substrates. Temperature control in the range 10e90 C is facilitated by two brass jackets sandwiching the chamber, one to house electrical heaters and the other connected to a water bath to provide cooling. Graphene samples were mounted on the sample stage in the XRR cell, which was sealed via two polyester (Mylar ® ) windows.
The X-ray beam energy was 14 keV (wavelength l ¼ 0.8856 Å), and the incident beam size defined by aperture slits was 100 mm (vertical FWHM) Â 255 mm (horizontal FWHM). XRR scans were collected at 25 C, 40 C and 60 C in air, with the incident angle q i varying from 0.06 to 3.0 , corresponding to a Q range of 0.015e0.74 Å À1 , where the vertical momentum transfer vector Q ¼ 4psinq/l. The specular reflections were detected at each angle (q r ¼ q i ) using an Avalanche Photodiode Detector (APD). XRR data fitting was performed by using Motofit in Igor Pro (WaveMetrics, Inc., Lake Oswego, OR, USA) [32] . For reflectivity data collected on a well-defined flat substrate such as silicon, the surface layer was modelled as stacked homogeneous slabs. Each layer can be described by three parameters: the scattering length density (SLD, r), thickness t, and inter-slab roughness R a . These parameters were varied in the total reflectivity calculation using the Abeles matrix method, and a genetic algorithm optimisation was adopted to obtain the best fitting for the curves. This generates the same result as Parratt's Recursive method [32] . The analysis of XRR results is described in the Supporting Information (SI) section SI-2.
Ellipsometry was performed using a J.A. Wollam M-2000 ellipsometer (J.A. Woollam Company, Incorporated, Lincoln, NE, USA), to obtain the total thickness of the graphene sample, using a white light source (wavelengths of 245e1000 nm) at a fixed incident angle of 75 . The obtained data was processed and fitted using VASE 32 software from J.A. Wollam adopting a three-layer model (consisting of a silicon substrate, a silicon dioxide layer and a graphene layer). The static contact angle of a water droplet on the graphene sample was 76.77 ±0.53 as measured using the Sessile drop method on KRÜSS ® DSA100 (see .
It is useful to compare the footprint size of different complementary methods when interpreting the results. For XPS it was approximately an oval with major/minor axes of 3mm/2 mm; for PEEM it was 60 mm Â 60 mm; for XRR it was 255 mm Â 1 cm (the projection of the vertical beam size onto the sample); for ellipsometry the circular spot size was~3 mm in diameter; for AFM, the scan size was either 5 mm Â 5 mm or 1 mm Â 1 mm; and for the contact angle measurement, the diameter of the water droplet was of~3.3 mm. As such, AFM and PEEM provided localised morphological and chemical information, whilst XRR, XPS, ellipsometry, and contact angle provided average structural information across a larger sample area. It is also worth bearing in mind the different conditions for these measurements: XPS and PEEM were carried out under UHV (3 Â 10 À11 mbar), whilst the rest of the measurements were performed under ambient conditions.
Results and discussion
The XPS spectra from the survey scans of a wide bonding energy range on the FLG sample before and after annealing in UHV at 450 C are shown in Fig. 2a . In both cases, only the presence of C, O, and Si was observed, and no metal residues from the original copper substrate and the etchant were observed on the sample. The elemental compositions estimated from the spectra show that, before annealing, the atomic composition of C, O, and Si was 32.2%, 36.7% and 31.1%, respectively; and after annealing, the percentage of C decreased to 17.4%, but those of O and Si increased to 42.6% and 40.0%, respectively. The C 1s photoemission lines before and after annealing in Fig. 2b show clear differences in their shape and relative intensity. Deconvolution of these photoemission lines ( Fig. 2c and d ; Table S4 ) indicates the presence of C 1s (sp 2 and sp 3 ), C-OH and O-C¼O [33e35] before annealing, whereas after annealing, the intensity of the C-OH and C¼O peaks dropped remarkedly.
The CVD method is known to produce graphene with an ordered structure and exceptional electronic properties. However, the substrates on which graphene can be grown are limited, and typically transition metals are used. Subsequently, epitaxial graphene often needs to be transferred from the original growth substrate, a process that could cause contamination [9, 10, 12] . In this case, there were four possible types of contaminants: the multilayer graphene formed on top of the single layer graphene, the PMMA used for transferring, residues due to incomplete Cu dissolution [11, 36] , and etchant liquid residues (typically FeCl 3 ). We ascribe the observed changes in the XPS carbon peaks in Fig. 2 to PMMA residues being removed by the annealing procedure. This explanation is consistent with the observed decreased C composition (from 32.2% to 17.4%) and C/Si ratio (from 1.03 to 0.44) after annealing. Note that the XPS detection limit was~0.1 atomic% in our measurements.
The annealed samples were further investigated by PEEM, an extremely surface sensitive technique, to reveal their surface morphology, which also helps to identify any possible contaminants on the graphene surface due to the contrast in their work function. Work function is the energy needed to excite an electron from the Fermi level of the material to free space. An example work function map in Fig. 2e shows darkened (lower work function) lines and spots appearing on a continuous light background (higher work function). We attribute the dark lines to defects (cracks) likely caused by the transferring process [9] , and the spots to two types of contaminants (examples labelled as A and B on Fig. 2e ). Contaminants A (of size~2 mm) were found sparsely over the sample surface, while B (of size~500 nm) were found in the vicinity of the defects. The work function of annealed graphene (i.e. the light background in Fig. 2e ) was~4.7e4.8 eV, which is slightly larger than the reported work function of intrinsic graphene (4.56 eV) [37] . This difference could be related to the redistribution of electrons between the substrate and graphene [7, 38, 39] . Upon annealing, the defects and contaminants A remained, whereas contaminants B with a lower work function of 4.3e4.6 eV gradually disappeared. We thus attribute B to PMMA residues from the transferring process of the graphene from its Cu substrate during fabrication. These PMMA residues were removed upon annealing at 450 C, an interpretation consistent with a previous study which showed that PMMA was burnt off from the graphene surface at high temperatures in UHV [11, 36] .
The formation of multilayer graphene with a size of few micrometres on monolayer graphene grown on Cu has been previously characterised by Raman spectroscopy [8] . FLG with more than 3 graphene monolayers exhibited a work function of 4.6 eV, similar to that of graphite [7, 40, 41] . Thus, contaminants A with a work function of~4.6 eV were likely graphene multilayers. Fig. 3a shows a topographic AFM image on a1 mm Â 1 mm scale, and three line profiles along the coloured lines (with arrows pointing towards the directions of the profiles taken) are shown in Fig. 3b shown in the corresponding colours. By analysing the topological histograms of the AFM images, the position and the thickness of the FLG layer can be obtained, as described in SI-4. The highlighted areas in the line profiles represent the position of the graphene layer from the histogram analysis, and the PMMA residues with thickness in the range of 0e57 Å were seen on top of the graphene surface. Fig. 3c shows an AFM topological image over a larger scale (5 mm Â 5 mm), indicating the deposited graphene appeared continuous with a number of defects (dark holes, i.e. 1 in Fig. 3c ) of size~100 nm and a small number of PMMA residues appearing as elevated (lighter) spots. The PMMA residues varied in size (~10e100 nm), and two such spots (2 and 3) are circled in the figure. The red rectangle (4) in Fig. 3c highlights a crack defect on the graphene surface with PMMA partially filling the crack. This interpretation agrees with the work function map ( Fig. 2e) , where PMMA was detected around the defects. The apparent thickness of the graphene layer from the height histogram on a scale described in SI-4 is 13.9 ± 0.7 Å, which includes any (small) spacing between graphene and the underlying SiO 2 substrate. The graphene layer thickness points to the presence of the FLG instead of a graphene monolayer, in agreement with numerous AFM studies determining the thickness of graphene and FLG on flat substrates, with the reported thickness ranging from 3.5 Å to 15 Å, depending on the fabrication method and the AFM imaging [1,42e44] .
Assuming PMMA residues existed mostly atop the measured sample, from the height histogram analysis, the graphene coverage on SiO 2 was f g 85.1 ± 2.1%, as described in SI-4. However, if the graphene did not remain intact during the transferring process, PMMA could have been transferred onto silica instead of graphene; in that case, the graphene coverage would have been overestimated, whilst that of PMMA underestimated.
The XRR curves of the graphene samples are shown in Fig. 4b . These curves were collected at 25 C, 40 C and 60 C, and after the sample was cooled back down to 25 C after heating. It is interesting to study such a temperature effect, given its relevance to potential biomedical applications of graphene. These results are representative from two separate synchrotron experiments on two different batches of samples from the same supplier. The open circles are the experimental data points, and the solid red lines the fits using a three-layer model, with the details of XRR analysis given in SI-2. The morphology and thickness measurement of graphene from AFM imaging (cf. Fig. 3) indicates that the graphene sample was not a graphene monolayer, but more likely FLG. PEEM (cf. Fig. 2 ) suggests that a "contaminant" layer was present atop the graphene layer, which was likely a mixture of graphene multilayers and PMMA residues. Therefore, when analysing the XRR data, we have used a three layer model (Fig. 4a ): a contaminant layer (of thickness t c ) atop a graphene layer (t g ) attached to the substrate with a SiO 2 layer (t s ). The fitted thickness (t), inter-layer roughness (R a ) and SLD (r) are listed in Table 1 . Overall, the structural information from fitting the XRR data is consistent with the observations from AFM and PEEM measurements. The average fitted XRR thickness of four different graphene samples from two different sample batches at 25 C was t g ¼ 13.0 ± 1.0 Å (Table S3 ), slightly smaller than the AFM thickness of 13.9 ± 0.7 Å (Fig. 3d) , which nonetheless is broadly consistent with the conclusion that the graphene layer was FLG with an average of 3e4 graphene monolayers. This is probably due to XRR measurements giving an average thickness over a much larger footprint (~10 6 mm 2 ), while AFM measures the local apparent thickness (with a footprint of~1 mm 2 ) that is affected by the interaction between the tip and the surface. The total thickness of graphene and the contaminant layers from XRR fitting was~25 Å, close to the thickness (27.1 ± 0.8 Å) obtained from the ellipsometry measurement on the same graphene samples.
The coverage of each layer can be calculated by comparing the fitted r with theoretical values, i.e. f ¼ r fitted /r calculated . The fitted r values of each layer are shown in, the theoretical r of each material is listed in Table S2 ; the calculated SLD for graphene is r g ¼ 1.820 Â 10 À5 Å À2 at 14 keV. The graphene coverage at room temperature from XRR is f g ¼ 76.3 ± 7.0%, broadly consistent with the value f g~8 5.1 ± 2.1% estimated from AFM imaging, with the discrepancy again ascribable to the differences in the footprint size the two techniques probe. As such, the XRR f g value is an average over a much larger sample area, compared to the localised information from AFM imaging. An interesting observation is that the graphene layer thickness t g experienced a subtle expansion from 12.9 Å at 25 C to 13.8 Å at 60 C, and the roughness R a,g from 0.9 Å to 1.3 Å correspondingly. Meanwhile, the thickness of the contaminant layer remained largely constant at t c ¼ 11.7 Å, but its roughness R a,c decreased from 1.2 Å to 0.9 Å from 25 C to 60 C, suggesting a possible "curing" procedure upon heating, leading to a reduction of the roughness. The R a,c value continued to decrease to 0.7 Å, suggesting possible further relaxation. Furthermore, this change in the graphene layer thickness was irreversible; since after cooling to 25 C, t g further increased slightly to 14.3 Å. This observation might be explained by the out-of-plane motion of graphene, which may also be considered as a perpendicular thermal expansion or enhanced surface ripples. Unlike most of other materials, including SiO 2 and PMMA, graphene was demonstrated both theoretically and experimentally to have a negative in-plane thermal expansion coefficient (TEC) below~500 K, as a consequence of decreasing phonon energies exhibited by 2D materials with smaller lattice parameters (rippled) upon heating, in contrast to increasing phonon energies in bulk materials [45e47]. In addition, the asymmetric bond length distribution of graphene caused by the delocalized p-cloud and the structural defects forces graphene to become non-planar to minimize free energy [48] . The rippling of graphene supported by Si/ SiO 2 upon heating above 200 K was observed with SEM [49] and Raman spectroscopy [47] . When graphene attached to a SiO 2 substrate is heated, the graphene layer would experience an in-plane compressive stress because of its negative TEC, while SiO 2 would have experienced a tensile stress. Once the force applied on graphene exceeds the vdW attractive force between graphene and the substrate (normally at higher temperature), graphene might escape from the underling layer to enhance the amplitude of the ripples. This is also consistent with our observation that, after cooling back to room temperature, the graphene layer thickness detected by XRR further increased. This could be attributed to the tension on the graphene being smaller than the pining force, and the graphene stayed attached to the substrate, manifesting in enhanced rippling. We should acknowledge that our conclusions on the temperature dependence of the graphene sample thickness are tentative at this stage, and more measurements are needed to further verify these interesting and important observations.
Concluding remarks
The physical properties of graphene are intimately dependent on its thickness and surface structure. Understanding the surface structure of graphene is also important to its integration in composite materials and its bioanalytic applications. In this study, XRR was used to study the thickness of commercially sourced graphene prepared using the CVD method on Si/SiO 2 in air at different temperatures for the first time. Such graphene samples have been widely used in research and applications on monolayer graphene. Complementary techniques as AFM, XPS, and PEEM have been used to provide information on topography and chemical compositions of the graphene layer. Our XRR and AFM results show that the thickness of the graphene layer was~13.0 ± 1.0 Å and 13.9 ± 0.7 Å, respectively, corresponding to 3e4 graphene monolayers. As such, the samples we characterized appeared to consist of 3e4 monolayers of graphene. This may suggest that other such commercial graphene samples are not of monolayer character. Given that XRR has not been previously widely used for studying the graphene structure, we hope to stimulate further investigations rather than regarding our conclusions as certainty and applicable to all commercial graphene samples. The XPS and PEEM results suggest the presence of PMMA residues from the transfer process of graphene fabrication. In addition, isolated islands of multilayer graphene were also present atop the FLG layer. We also observed a slight but detectable increase of 0.5e0.9 Å in the graphene layer thickness as it was heated from room temperature to 60 C. This thermal expansion was irreversible, with the graphene thickness increasing a further 0.5 Å upon cooling back to room temperature. Such temperature dependent graphene thickness could be attributed to the out of plane rippling behaviour of graphene upon heating as previously reported. We should acknowledge that our conclusions on the temperature dependence of the graphene sample thickness are tentative at this stage, and more measurements are needed to further verify these interesting and important observations. These results on the FLG surface structure and chemistry are valuable to its potential bioanalytical applications where its interactions with biomolecules are an important consideration. Table 1 Fitting parameters for XRR results of graphene in air at different temperatures, using the three-layer model (cf. Fig. 4a ). The SLD (r) of graphene and SiO 2 were fixed during fitting, and that of the contaminant layer was fitted in the range between air to graphene, since it is presumed a layer of a mixture with limited coverage instead of a homogeneous film. Also listed are the two fitted interfacial roughness values, R a,c for the roughness at the interface between air and the "contaminant" layer (thus the subscript c) and R a,g for that at the interface between the "contaminant" layer and the graphene layer. 
